Introduction
============

Lifestyle-related pathologic conditions, such as obesity, diabetes mellitus, hypertension, cardiovascular disease, hyperlipidemia and cancer, are causatively associated with oxidative stress.^([@B1])^ Therefore, daily dietary intake of antioxidative food may decrease the burden of oxidative stress and be beneficial for the promotion of health.^([@B2])^ During development in mammals, the neonatal stage is sensitive to oxidative insults.^([@B3])^ Dietary elements in milk might play pivotal roles in the protection of infants from harmful reactive oxygen species (ROS). Lactoferrin (LF) is one of the most functional bioavailable compounds in milk.

Previous studies have suggested that LF has beneficial effects on plasma lipids, antimicrobial, immunomodulatory, antiproliferative and antioxidant activities.^([@B4])^ LF is a member of the transferrin family of non-heme iron-binding glycoproteins^([@B5])^ and is expressed and secreted by a variety of glandular epithelial cells in adults of many species.^([@B6])^ Despite a high degree of homology at the amino acid sequence level between transferrin and LF,^([@B7])^ the function of LF differs from transferrin. Endogenous LF is induced by the exposure of iron and carcinogenic asbestos fibers in rodents, which implies a protective role for LF by forming complexes with harmful free iron in tissues *in vivo*.^([@B8],[@B9])^ Although, LF knockout mice do not show alterations of iron homeostasis *in vivo*,^([@B10])^ feeding of LF-supplemented diets leads to decreased plasma triacylglycerol and free fatty acid levels and increased high-density lipoprotein levels, suggesting that LF has potential therapeutic effects in lifestyle-related diseases.^([@B11])^

The iron-binding capacity of LF might mediate antioxidant activities in studies of asbestos-induced superoxide generation *in vitro*.^([@B12])^ Protective effects of LF have been detected in Long-Evans Cinnamon (LEC) rats,^([@B13])^ neonates^([@B3])^ and patients with chronic hepatitis.^([@B14])^ Based on these physiological functions, LF has been evaluated in a clinical trial for metastatic renal cell carcinoma^([@B15])^ and has been used successfully in clinical trials for prevention of transformation of colon polyps.^([@B16])^ However, *in vivo* bioactivity of LF against iron-mediated oxidative stress is poorly understood.

In the present study, we employed an animal model of oxidative renal tubular damage that is induced by ferric nitrilotriacetate (Fe-NTA),^([@B17])^ to examine the biological effect of bovine lactoferrin (bLF), which is a common compound in our daily life. Fe-NTA, which is an iron chelate, catalyzes the generation of ROS and accelerates lipid peroxidation in the kidney through intraperitoneal (i.p.) administration in rats and mice,^([@B18])^ which revealed a high incidence of renal cell carcinoma.^([@B19])^ At the acute phase, oxidatively modified molecules are increased in the kidney after Fe-NTA treatment. Increases in malondialdehydes,^([@B20])^ thiobarbituric acid-reactive substances (TBARS),^([@B18])^ 4-hydroxy-2-nonenal (HNE)-modified proteins,^([@B21]--[@B23])^ and 8-hydroxy-2\'-deoxyguanosine (8-OHdG)^([@B24])^ have been demonstrated.

Regarding genetic alternations of this carcinogenetic model, homozygous deletion of the *CDKN2A/2B* tumor suppressor gene, which is an inhibitor for cyclin-dependent kinase has been observed^([@B25])^ with monoallelic loss occurring as early as 3 weeks after the start of the protocol.^([@B26])^ The other target genes in carcinogenesis and progression include *annexin2*,^([@B27])^ *ptprz1*,^([@B28])^ and *aminoacylase1*.^([@B29])^

Well-known antioxidants such as vitamin E,^([@B30])^ curcumin,^([@B31])^ beverage-containing fermented black soybean^([@B32])^ and many other compounds,^([@B33])^ have been reported to show protective effects in this carcinogenesis model. Based on these studies, this carcinogenesis model is useful for the evaluation of antioxidant properties in the presence of excess iron *in vivo*. In the present study, we disclosed for the first time that bLF has advantageous effects on iron-induced renal injury. Possible mechanisms and their implications will be discussed.

Materials and Methods
=====================

Chemicals
---------

Iron nitrate enneahydrate, nitrilotriacetic acid, oxidized and reduced glutathione (GSH), and GSH reductase were purchased from Wako Pure Chem. Ind. Ltd. (Osaka, Japan). Nicotinamide adenine dinucleotide phosphate reduced, 5,5\'-dithio-*bis*-2-nitrobenzoic acid (DTNB), bovine serum albumin, trichloroacetic acid, Tween 20 were purchased from Sigma (St. Louis, MO). Basal MF diet (powder) was from Oriental Yeast (Tokyo, Japan). The BCA assay kit was from Pierce (Rockford, IL). Normal goat serum was from Vector Laboratories (Burlingame, CA) and Histofine Simple Stain rat Max-PO (multi) was from Nichirei (Tokyo, Japan). Liquid DAB was from DAKO (Kyoto, Japan). Antibodies against HNE-modified proteins (HNE-J2)^([@B23])^ were purchased from the Japan Institute for the Control of Aging (Shizuoka, Japan). All other chemicals were of the highest quality available from Wako Pure Chem. Ind. Ltd. (Osaka, Japan). bLF was a kind gift from the Morinaga Milk Co. (Tokyo, Japan). The ingredients in bLF are summarized in Table [1](#T1){ref-type="table"}.

Preparation of Fe-NTA solution
------------------------------

The Fe-NTA solution was prepared as previously described.^([@B34])^ In brief, nitrilotriacetic acid (NTA) and iron nitrate enneahydrate were dissolved in distilled water. The pH was adjusted to 7.0 with sodium bicarbonate. The molar ratio of Fe to NTA was 1:4.

Animal experiments
------------------

The Animal Care Committee of Okayama University Graduate School of Medicine and Dentistry approved these experiments. Care and handling of the animals were in accordance with the National Institutes of Health Guidelines. Male Wistar rats (4 weeks old) were purchased from Japan SLC (Hamamatsu, Japan). The rats were housed in plastic cages of temperature-controlled (25°C with alternating 12-h light/12-h dark cycles) room and allowed free access to distilled water and a standard powdered-chow diet (MF) during the experiment.

A total of 18 rats (60--80 g) were used for the following pharmacological experiments. These rats were fed with a powdered diet with different concentrations of bLF *ad libitum* for 4 weeks to monitor the effects on growth. In this experiment, rats were divided into six groups \[1 untreated group (*n* = 3) and 5 bLF groups (1, 0.5, 0.1, 0.05 and 0.01%) (*n* = 3)\].

In the investigation of antioxidant properties of bLF, 32 rats were randomly divided into 4 groups \[untreated, bLF (0.05%) alone (*n* = 4), Fe-NTA alone (*n* = 6) and bLF (0.05%) + Fe-NTA (*n* = 6)\]. These rats were fed with the regular powdered diet or powdered diet with bLF (0.05%, w/w) *ad libitum* for 4 weeks. Each animal received an i.p. injection of Fe-NTA (9.0 mg iron/kg body weight). After sacrificing the animals, the sera were harvested, and the kidneys were immediately excised for enzyme assays and histological examination.

Determination of creatinine, blood urea nitrogen (BUN), and serum iron-binding capacity
---------------------------------------------------------------------------------------

Blood urea nitrogen, creatinine, unsaturated iron-binding capacity (UIBC) and total iron-binding capacity (TIBC) in sera were measured using an autoanalyzer (Hitachi 7600-110S).

Determination of reduced GSH and antioxidant enzyme activities of kidney
------------------------------------------------------------------------

These enzymatic activities were assayed with the post-mitochondrial supernatant of homogenized renal tissue. Reduced GSH levels were measured using DTNB as a chromogen.^([@B35])^ GSH peroxidase and GSH reductase activities were measured based on NADPH oxidation in a coupled system.^([@B35],[@B36])^

Hematoxylin and eosin (HE) staining
-----------------------------------

Kidneys were transversely cut including the renal pelvis at 5-mm thickness and immediately fixed with 10% phosphate-buffered formalin. The samples were fixed overnight and subjected to paraffin embedding. The paraffin-embedded tissues were sliced into 4-µm sections and mounted onto glass slides. These slides were used for hematoxylin and eosin staining and immunohistochemical analyses.

Immunohistochemical analysis
----------------------------

Immunohistochemical analyses were performed as previously described.^([@B24],[@B32],[@B37])^

Statistical analysis
--------------------

Statistical analyses were performed using one-way analysis of variance (ANOVA) and an unpaired *t* test. The difference was considered significant when *p*\<0.05. The data were expressed as the mean ± SEM (*n* = 3--6) unless otherwise specified.

Results
=======

The effect of bLF on growth and serum iron-binding capacity
-----------------------------------------------------------

We observed no growth retardation during bLF feeding (1, 0.5, 0.1, 0.05 and 0.01%; w/w) (Fig. [1](#F1){ref-type="fig"}). After 4 weeks, rats received i.p. treatment of Fe-NTA (9.0 mg iron/kg body weight). We observed that 0.05% (w/w) bLF was the most efficient to protect kidney from acute tubular injury compared to other doses of bLF (data not shown). Based on these preliminary experiments, we performed the following experiments with 0.05% (w/w) bLF. Iron levels, total iron-binding capacity (TIBC) and unsaturated iron-binding capacity (UIBC) were not altered after treatment of bLF (0.05%, w/w) in rats (transferrin saturation of untreated control, 24.7 ± 2.54%; transferrin saturation of bLF alone, 22.6 ± 0.69%; *n* = 4; *p* = 0.44, untreated vs bLF alone).

Serum creatinine and BUN
------------------------

After Fe-NTA administration for 4 and 24 h, an elevation of creatinine and BUN in sera was detected. Pretreatment with bLF suppressed the elevations of these parameters at both time points (Fig. [2](#F2){ref-type="fig"} A--D). A similar effect was observed in creatinine and BUN levels.

Determination of reduced GSH
----------------------------

The pretreatment with bLF induced slight elevations of renal reduced GSH without statistical significance (*p* = 0.25). GSH was decreased 4 h after Fe-NTA administration without bLF pretreatment. These alternations were significantly suppressed by bLF pretreatment (Fig. [3](#F3){ref-type="fig"}A).

Antioxidative enzyme activity
-----------------------------

After Fe-NTA treatment for 4 h, activities of the GSH peroxidase and GSH reductase were decreased, which was prevented by bLF pretreatment. However, no elevation of these enzymatic activities was detected following bLF pretreatment. Levels of GSH reductase and GSH peroxidase were maintained in the bLF-pretreated group during oxidative injury at 24 h after Fe-NTA treatment (Fig. [3](#F3){ref-type="fig"}B and C).

Histology
---------

We evaluated the renal histology of Fe-NTA-treated rats 4 h after Fe-NTA treatment (Fig. [4](#F4){ref-type="fig"} A--F). Acute tubular necrosis was apparent in the proximal tubules, after Fe-NTA treatment. Pretreated rats with bLF were protected from tubular injury (Fig. [4](#F4){ref-type="fig"}C).

In the cases of Fe-NTA-treated rats, degenerative proximal tubular cells with HNE-modified proteins were observed. However, the number of HNE-positive tubules was significantly decreased in the bLF-treated group. Positive tubules with apparent HNE-modified proteins were not observed in the untreated group (Fig. [4](#F4){ref-type="fig"} D--F).

We evaluated the renal histology of Fe-NTA-treated rats 24 h after Fe-NTA treatment. Massive destruction of proximal tubules and cast depositions were observed in the Fe-NTA-treated group (Fig. [4](#F4){ref-type="fig"}G). These alternations were confined to localized areas by bLF pretreatment (Fig. [4](#F4){ref-type="fig"}H). Few infiltrating inflammatory cells were observed in the kidney after Fe-NTA treatment.

Discussion
==========

Fe-NTA causes renal cell carcinoma via iron-mediated oxidative stress in rats, with homozygous deletion of *CDKN2A/2B* in one-third of the cases.^([@B25],[@B26])^ This is a unique experimental model, useful in search of antioxidant compounds by the pretreatment for 4 weeks and of chemopreventive compounds by the dietary administration for several months.^([@B31]--[@B33])^ We observed that dietary administration of bLF (0.05%, w/w) protected renal tissue from Fe-NTA-induced damage. We demonstrated that bLF inhibited elevation of serum markers of acute renal failure and renal tubular injury. In addition, bLF pretreatment maintained the levels of reduced GSH, GSH peroxidase and GSH reductase activities. Previous studies have demonstrated that bLF pretreatment induces antioxidative enzymes in a colon cancer cell line.^([@B38])^ We observed that dietary intake of bLF increased GSH and GSH reductase levels. However, this increase was not statistically significant (*p* = 0.25 and *p* = 0.55 for GSH and GSH reductase, respectively, untreated vs bLF alone).

In this study, we employed regular bovine lactoferrin (bLF), which contains apo-LF and holo-LF. Consistent with the results of previous studies,^([@B39])^ no toxic effects of bLF (1%, w/w) were observed based on growth and BUN and creatine levels. In addition, we did not detect significant changes in TIBC, UIBC and transferrin saturation after bLF treatment (0.05%, w/w). In our experimental design, rats ate 20--25 g/day, which was used to estimate bLF intake as 10--12.5 mg/day. This calculation suggested that intact bLF did not enter blood stream to increase the levels of iron saturation in transferrin, which was confirmed using the conventional chemical detection method in this study and is consistent with previous reports.^([@B10],[@B40])^ Non-transferrin-bound iron (NTBI) in the sera is an emerging marker of iron toxicity.^([@B41],[@B42])^ Although we did not measure NTBI levels in the sera, quantification of NTBI might disclose evidence as a role of bLF in antioxidant modulation via chelation of Fe-NTA.

Detection of LF in the urine suggested that LF might directly interact with proximal tubules.^([@B6])^ We have not determined the endogenous rat LF in the kidney. However, a possible mechanism of altered endogenous LF levels may reveal concomitant alterations in the GSH cycle in renal proximal tubules, which is directly associated with the pathologic mechanism of Fe-NTA toxicity.^([@B18],[@B33])^ Other possible mechanisms of LF-mediated attenuation of Fe-NTA-induced oxidative stress include LF-mediated effects on serum NTBI levels and Fe-NTA absorption from the peritoneum. These proposed mechanisms require further investigation.

Previous studies have revealed chemopreventive activity of bLF outside the digestive tract, such as hepatitis in LEC rats, lung tumors and chronic hepatitis.^([@B13],[@B14],[@B43],[@B44])^ In LEC rats, LF improves rat survival and inhibits mitochondrial 8-OHdG formation but not nuclear 8-OHdG. These results indicate that LF suppresses copper-induced oxidative stress. In female *Ogg1* knockout mice, bLF suppresses lung tumor development produced via 8-OHdG accumulation. These results imply that dietary intake of bLF has antioxidative effects.

Recent clinical trials have tested the effects of dietary intake of bLF on metastatic renal cell carcinoma.^([@B15])^ The mechanism of anti-tumor bioactivity was suggested that bLF may stimulate production of Interferon-gamma (IFN-γ) and IL-12, which promote a Th1 response in the intestinal mucosa.^([@B16])^ This polarization of Th1-activated neutrophils, macrophages, NK cells and cytotoxic T cells enhances anti-tumor activities and may contribute to the protection of renal oxidative injury. Activation of the IL-12/IFN-γ signaling pathway is required in ischemia-reperfusion injury, where harmful ROS play a critical role in mice.^([@B45])^ In our model of renal cell carcinoma, which is positive for transforming growth factor-α,^([@B46])^ we observed few infiltrating inflammatory cells after a single dose of Fe-NTA (Fig. [4](#F4){ref-type="fig"}). We previously demonstrated that iron loading by iron saccharate enhances the production of systemic inflammatory cytokines following lipopolysaccharide stimulation.^([@B47])^ However, interactions between Fe-NTA-induced renal damage and cytokines requires further investigation.

As another possible mechanism, digested peptides that are derived from bLF or secreted from the gastrointestinal mucosa following activation of immune and neuroendocrine systems might play synergistic roles to protect the kidney from iron-induced oxidative stress. A profiling analysis using microarray techniques might elucidate bLF-interacting molecules after oral administration of bLF.

In conclusion, we observed, for the first time, that bLF had protective effects against iron-induced renal tubular injury in rats. Further study is warranted to disclose human pathologic conditions or genotypes where this kind of chemoprevention is useful.
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![The effect of bovine lactoferrin (bLF) on normal growth. Body weight curve. All rats were active and healthy following administration of different concentrations of bLF (1, 0.5, 0.1, 0.05 and 0.01% w/w) (*n* = 3).](jcbn11-100f01){#F1}

![Serum markers for renal dysfunction at 4 and 24 h after Fe-NTA administration. (A) Serum creatinine: Fe-NTA, 4 h. (B) Serum creatinine: Fe-NTA, 24 h, (C) Serum BUN: Fe-NTA, 4 h. (D) Serum BUN: Fe-NTA 24 h. Fe-NTA treatment induced elevation of serum creatinine and BUN, which are markers of renal failure. Pretreatment with bLF suppressed elevation of serum creatinine and BUN. (ANOVA, *p*\<0.0001 for A--D; ^\#^*p*\<0.05 vs untreated; \**p*\<0.05 vs Fe-NTA alone; \*\**p*\<0.01 vs Fe-NTA alone).](jcbn11-100f02){#F2}

![Determination of renal reduced glutathione (GSH) at 4 h and activities of renal antioxidative enzymes at 4 and 24 h after Fe-NTA administration. (A) GSH: Fe-NTA, 4 h. (B) GSH reductase: Fe-NTA, 4 and 24 h. (C) GSH peroxidase: Fe-NTA, 4 and 24 h. (A) Bovine lactoferrin (bLF, 0.05%, w/w) pretreatment demonstrated slight elevation of renal GSH level (*p* = 0.25, untreated vs bLF alone). GSH depletion was detected in Fe-NTA-administered rats. We observed that bLF pretreatment attenuated Fe-NTA-induced renal oxidative damage. (B) and (C) Protective effect of bLF (0.05%, w/w) pretreatment on Fe-NTA-induced renal oxidative damage was observed based on both parameters (ANOVA, *p*\<0.0001, for A--C; ^\#^*p*\<0.05 vs untreated or bLF alone; \**p*\<0.05 and \*\**p*\<0.01 vs Fe-NTA alone).](jcbn11-100f03){#F3}

![Histological and immunohistochemical analyses of kidney at 4 and 24 h after Fe-NTA administration. Hematoxylin and eosin staining (HE). (A) Untreated, (B) Fe-NTA alone, 4 h, (C) or in the presence of bLF + Fe-NTA, 4 h. Immunohistochemical staining of 4-hydroxy-2-nonenal-modified proteins (HNE). (D) Untreated, (E) Fe-NTA alone, 4 h, (F) bLF + Fe-NTA, 4 h. HE staining. (G) Fe-NTA alone, 24 h, and (H) bLF + Fe-NTA, 24 h. Representative images are shown. Scattered necrotic tubules were detected (B). Only a few necrotic tubules and some degenerative tubules were observed (C). HNE immunostaining revealed accumulation of oxidatively modified proteins. No positive tubules in the HNE immunostaining were observed (D), whereas many positive tubules were detected (E). Immunopositivity was markedly decreased (F). After Fe-NTA administration for 24 h, oxidative injury destroyed massive proximal tubules (G). Pretreatment with bLF protected against oxidative injury (H). Few infiltrating inflammatory cells were observed in histological samples (bar, 50 µm).](jcbn11-100f04){#F4}

###### 

Ingredients of bovine lactoferrin (bLF)

  --------------- ----------------
  Calorie         4 kcal/g
  Carbohydrate    0%
  Protein         99.8%
  Fat             \<0.5%
  Purity of bLF   96.7%
  Ash             190 mg/100 g
   Sodium          54.7 mg/100 g
   Iron            8.60 mg/100 g
   Calcium         8.54 mg/100 g
   Phosphorus      2.21 mg/100 g
   Potassium       1.94 mg/100 g
   Magnesium       0.58 mg/100 g
   Zinc            0.27 mg/100 g
  --------------- ----------------
